The antineoplastic drug bleomycin leads to the side effect of pulmonary fibrosis in both humans and mice. We challenged genetically diverse inbred lines of mice from the Collaborative Cross with bleomycin to determine the heritability of this phenotype. Sibling pairs of mice from 40 lines were treated with bleomycin. Lung disease was assessed by scoring lung pathology and by measuring soluble collagen levels in lavage fluid. Serum micro ribonucleic acids (miRNAs) were also measured. Inbred sibling pairs of animals demonstrated high coinheritance of the phenotypes of disease susceptibility or disease resistance. The plasma levels of one miRNA were clearly correlated in sibling mice. The results showed that, as in humans, the lines that comprise the Collaborative Cross exhibited wide genetic variation in response to this drug. This finding suggests that the genetically diverse Collaborative Cross animals may reveal drug effects that might be missed if a study were based on a conventional mouse strain.
Introduction
The antineoplastic drug bleomycin is now a second-line therapy for certain solid tumors, in part because of its pulmonary toxicity in 10%-20% of patients. 1 In about 3% of treated patients, the pulmonary fibrosis that develops is severe and progressive enough that it can lead to death. [2] [3] [4] It is therefore critical to predict the likelihood of adverse responses to this drug. Bleomycin also causes pulmonary fibrosis in mice and classic inbred strains of mice have been identified that are particularly susceptible (eg, C57BL/6 J, 129, and DBA/2) or relatively resistant (eg, A/J, BALB/c, and C3Hf/Kam). [5] [6] [7] Indeed, two research groups have begun to map susceptibility loci for bleomycin-induced pulmonary fibrosis in the offspring from crosses between susceptible and resistant lines. [7] [8] [9] We were interested in a complementary approach of coupling molecular assays to the genetic variation in the Collaborative Cross animals as a way of anticipating adverse drug responses.
While distinct inbred strains of mice or recombinant, congenic strains have been useful in the past for uncovering susceptibility loci for complex traits, we were interested in pursuing a more comprehensive systematic approach, and one that might recapitulate to some extent the levels of human diversity. We thought that our approach might not only lead to the discovery of genetic loci linked to a particular trait, but might also generate candidate biomarkers as part of the process. Here we report the first step towards this goal. We challenged 40 lines from the emerging Collaborative Cross with bleomycin to test the heritability of the phenotype of lung damage and to look submit your manuscript | www.dovepress.com
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Gelinas et al for potential biomarkers at the same time. The Collaborative Cross is a panel of recombinant inbred lines of mice derived from eight genetically diverse inbred mouse strains: 10, 11 A/J, C57BL/6J, 129S1/SvImJ, NOD/LtJ, NZO/HlLtJ, CAST/ EiJ, PWK/PhJ, and WSB/EiJ. While each of these lines has been highly inbred, as a group they encompass nearly 90% of the known variation present in laboratory mice. 12 The animals used in this study were from the F7-F10 generation of the Oak Ridge National Laboratory stocks, after the eight founding lines were crossbred with one another. 11 The Collaborative Cross lines were originally developed for the analysis of complex traits or diseases that arise with contributions from many genes. Since some of the founder strains were known to vary in their sensitivity to bleomycin, we tested whether susceptibility to bleomycin-induced lung damage would be coinherited among sibling pairs that were derived from the founder strains. We also examined the pattern of micro ribonucleic acids (miRNA) in the plasma of affected or resistant animals after treatment. In this model experiment, the genetic diversity of the Collaborative Cross could represent the diversity of the outbred human population while bleomycin stands in for an investigational new drug.
Lung pathology was assessed by biochemical assays and histological scoring, and miRNA were measured in the plasma. Sibling pairs of mice derived from any given Collaborative Cross line showed a high likelihood of coinheritance of the phenotypes related to susceptibility or resistance to lung fibrosis, and some Collaborative Cross lines exhibited extremes of resistance or susceptibility. Plasma miRNA profiles that could be potentially useful as biomarkers of sensitivity or resistance were identified as well. Overall, the results suggested that Collaborative Cross mice are useful for detection of drug-induced side effects, with the advantages that the genetic diversity is potentially higher and that phenotypes may be more extreme. Because of large genetic diversity encompassed within the Collaborative Cross or their derived outbred population, the Diversity Outcross (Pers comm; E Chesler, 2011) represents a powerful way to anticipate the possible side effects of investigational new drugs.
Materials and methods
Generation of recombinant inbred lines of mice
The Collaborative Cross combines the genomes of eight genetically diverse founder strains:A/J, C57BL/6 J, 129S1/ SvImJ, NOD/LtJ, NZO/HlLtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ. These strains of mice were systematically and independently outcrossed to bring together all eight genomes, and then inbred. 10, 11 The Collaborative Cross progenitor lines included founder lines previously shown to be susceptible to bleomycin-induced pulmonary fibrosis (129, C57BL/6) as well as a founder line shown to be relatively resistant (A/J). 1, 5, 6, 9 A randomly chosen subset of 40 lines was used in this study.
Dosing with bleomycin
Two male mice 6-8 weeks of age were selected from each of 40 inbred lines of the Collaborative Cross. Animals were dosed intraperitoneally with 0.035 units of bleomycin/g body weight on each of 8 days spread over the next 33 days. 13 Animals were dosed on days 1, 4, 8, 11, 15, 18, 22, 25. On day 33, blood plasma was collected for miRNA analysis. Mice were subsequently euthanized and the right lungs were placed in 0.5 M acetic acid (for assay of soluble collagen) and the left lungs were gently inflated and placed in 10% buffered formalin for histology. Tail DNA was prepared for high-density genotyping from all animals.
Semiquantitative scoring of lung fibrosis
Fixed lungs were prepared for histologic examination and semiquantitative assessment of inflammation and fibrosis. One section from one lung of each mouse was stained with hematoxylin and eosin while the other was stained with Masson's trichrome for visualization of collagen. Each section was scored by a board-certified pathologist for inflammation, macrophage accumulation in alveoli, and fibrosis using a semiquantitative scale of 0 (no pathologic changes) to 4 (marked pathology approaching maximal). Semiquantitative assessment of each lesion was based on the presence of rare individual affected foci (minimal, grade 1), increased frequency and size of individual lesions with occasional confluence (mild, grade 2), large areas of involvement and confluence (moderate, grade 3), or complete lung involvement with the lesion in question (marked, approaching maximal, grade 4). Internal peer review was performed by another board-certified pathologist to confirm findings and obtain consensus as to interpretations. 
soluble collagen assay
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statistical analysis of data
Members of each sibling pair were randomly assigned to one of two groups such that the two members were in different groups. If a third sample was obtained from a given line, one of the three samples was randomly omitted. To test for genetic concordance of pathology scoring, the odds ratio of concordant vs discordant pairs was obtained.
Odds ratio = P (affected|affected proband)* P (unaffected|unaffected proband)/P (affected|unaffected proband)*P (unaffected|affected proband)
A 95% confidence interval was obtained for each natural logarithm of the odds ratio, and P values to test whether this value differed from zero (ie, that the observed responses were concordant among sibling pairs) were obtained. Results are presented in Table 1 .
A sibling pair regression analysis (performed using SYSTAT[v 12; Systat Software, Inc, Chicago, IL]) is an estimate of genetic correlation, and a significant correlation implies that a common source of genetic variance among the population is responsible for the pairs' phenotypic value. In a conventional sibling pair regression, individuals are assumed to be 25% similar and therefore, the regression coefficient is multiplied by four to extrapolate to heritability in a randomly mating wild population. Because the siblings are from somewhat inbred stocks, this would yield an upwardly biased estimate and because we are not attempting to estimate the true population heritability for this biomedically relevant phenotype, we used the conservative raw coefficient.
Plasma miRNA profile miRNA levels were measured in heparinase-treated blood plasma as described by a slight modification of a previously published reverse transcription polymerase chain reaction protocol.
14 For studies of individual miRNAs, total RNA was extracted from previously frozen mouse plasma using Trizol reagent (Qiagen, Germantown, MD) and purified using a miRNEASY kit (Qiagen) according to the manufacturer's instructions. The expression level of mature miRNAs was determined by real time polymerase chain reaction analysis following stem-loop reverse transcription with Taqman miRNA assay reagents (Applied Biosystems, Carlsbad, CA). The amplification program included an initial activation and denaturation at 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds, 60°C for 1 minute. The relative amounts of miRNAs were normalized to an equal input volume of plasma. After the reaction, cycle threshold values were calculated using fixed manual threshold settings. A larger group of miRNAs was profiled to test for an association with pathology scores. In this case, previously frozen blood plasma samples were treated by adding a one-tenth volume of 1 mg/mL Heparinase I (in 20 mMTris-HCl, pH 7.5, 50 mMNaCl, 4 mM CaCl 2 , and 0.01% bovine serum albumin; Sigma-Aldrich, St Louis, MO) and incubated for 1 hour at room temperature before reverse transcription. Megaplex primers for Taqman miRNA profiling (Applied Biosystems) were used to preamplify samples prior to loading the samples into Taqman low density array miRNA rodent card A, version 2 (Applied Biosystems). The reverse transcriptase polymerase chain reaction was carried out according to manufacturer's instructions. The amplification program included initial activation and denaturation at 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds, 60°C for 1 minute. Levels submit your manuscript | www.dovepress.com
Dovepress
39
Drug side effects of bleomycin bleomycin-induced pathology encompassing the aforementioned changes. Normal lungs were assigned a score of 0 based on the absence of these pathologic signs. Grade 1 lungs showed occasional foci with active inflammation including infiltrating macrophages and a few sites with excess collagen deposition. Lungs scored as grade 2 showed more confluent areas of inflammation with fibrosis and more frequent foci of macrophage accumulation. Lungs scored as grade 3 showed large areas of inflammation, sometimes including the entire lung, with extensive fibrosis and in some cases the emergence of cells with the appearance of myofibroblasts. Deposition of collagen in the fibrotic regions was confirmed in grade 2 and 3 lungs after serial sections were stained with Masson's trichrome (data not shown). The semiquantitative scores for lung pathology are summarized in Table 1 .
The lines of mice in our study were inbred for four to seven generations by following a defined funnel inbreeding scheme. From this degree of inbreeding, 65%-80% of genome segments in sibling pairs were predicted to be identical by descent. 11 We thus asked to what extent sibling animals showed a tendency to coinherit the presence or absence of any lung pathology. Since the pathology scores for each miRNA were normalized to the levels of U6 small nuclear RNA which was measured in parallel.
Results
In this study two male sibling mice from each of 40 Collaborative Cross lines were treated with eight doses of Bleomycin over a period of 1 month. At the end of the dosing period all mice were euthanized, blood samples were collected to prepare plasma, lungs were dissected for an investigation of the lung pathology, and tail snips were saved to isolate DNA for genotyping.
The larger lobe from each lung was processed for histologic examination and soluble collagen was assayed in the smaller lobe. The histologic examination of stained lung sections from each Collaborative Cross animal showed that some animals showed no obvious lung damage while others displayed extreme fibrotic lung disease, consistent with the phenotypes of both resistant and susceptible lines in the breeding scheme. As shown in Figure 1 , the lungs of some animals appeared normal, and we noted varying levels of pathology among others. Each lung was scored semiquantitatively for inflammation, fibrosis, and accumulation of macrophages, and then also given an overall score for 
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Gelinas et al were obtained before we knew the identity of the sibling pairs, we first asked if mice with similar phenotypes were siblings. A preliminary analysis of the scores in Table 1 showed that mice with mild lung pathology were more likely to have siblings with mild pathology than they were to have discordant siblings (P 0.86 . P 0.79), which is suggestive of a genetic contribution to the disease. This relationship was noted especially for inflammation and fibrosis in the lung. Likewise, mice unaffected by the drug treatment were also more likely to have siblings that were unaffected than affected siblings, which is again suggestive of a genetic contribution to disease resistance. The details of the probability analysis are presented in Tables 2 and 3. To extend these findings, we next calculated the relative risk that if a given animal was affected, that the sibling would be affected. We did this for both affected animals (scores . 0) and severely affected animals (scores . 1). For example we noted that mildly affected probands were 2.45 to 2.9 times more likely to have an affected sibling than unaffected probands on measures of macrophages, inflammation, and fibrosis. The relative risk of severe inflammation or excessive macrophages among siblings of affected probands was 1.8 and 1.7 times that of unaffected probands. The most striking finding was that the relative risk for severe fibrosis given an affected sibling was 12.75 times that for those with unaffected siblings. Our analysis also showed a significant concordance of inflammation (odds ratio [OR]: 7.13;P , 0.01) or a macrophage response (OR: 12.00; P , 0.01) in mildly affected animals with affected siblings. In severely affected animals with affected siblings there was a significant concordance of severe fibrosis (OR: 23.25, P , 0.01) as well as inflammation (OR: 7.14, P , 0.04). These results are presented in more detail in Tables 4 and 5 . Thus, mice with either no response or a moderate or severe response to bleomycin treatment tended to have siblings that shared these responses, which is readily explained if there is a strong genetic component to the phenotype of resistance or susceptibility.
Collagen metabolism is active in the fibrotic lung because of the degradation of normal lung structures as well as the synthesis of fibrillar collagens as a component of new extracellular matrix. We thus measured soluble collagen in the lungs of all animals as another independent test of a potentially heritable aspect of the response to bleomycin (Table 1) . When simply ranked numerically, soluble collagen scores varied over a six-fold range (Figure 2, panel A) and when the value for one sibling was regressed on the value of its sibling, strong genetic correlation was observed with a regression coefficient of 0.544 (Figure 2, panel B) . Sibling mice with similar soluble collagen scores were noted throughout the range of observed soluble collagen values and overall disease susceptibility to resistance, consistent with a genetic basis for these responses that segregated into defined inbred lines of mice.
We also profiled selected miRNA species in blood plasma samples, looking first at miRNA that had been reported to have roles in lung disease. MiR-34a was Abbreviations: rr, relative risk for affected versus unaffected probands; Or, odds ratio for concordance versus discordance; ln(Or), natural log of the odds ratio; se, standard error; LcL, UcL, lower and upper 95% two-tailed confidence limits.
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readily detected, as shown in Figure 3A . When the levels of this miRNA were plotted from one mouse as a function of the level in its sibling ( Figure 3B ), a regression coefficient of 0.58 was obtained, suggesting that the plasma levels showed evidence of genetic correlation. In contrast, a second miRNA, miR-21, showed similar plasma levels, but the levels in siblings showed little correlation ( Figures 3C and 3D ). Four more miRNAs that are known to be expressed in the lung showed little correlation between sibling pairs of mice, at least when they were measured in the plasma. The correlation coefficients of these miRNAs are presented in Table 6 . Some miRNAs were elevated or decreased in the plasma of animals with the most severe lung pathology, but these data did not quite approach the level of statistical significance (not shown). 
43
Drug side effects of bleomycin
Discussion
In this study we found that in response to a drug challenge a group of genetically diverse mice exhibited the same side effects as humans. Since some of these different lines of the Collaborative Cross 10,11 were resistant to the drug challenge, while others were extremely sensitive, our study recapitulated the variability in human responses that have been observed with this drug. A study based on other recombinant inbred lines such as the BXD which are derived from strains (C57BL/6; DBA/2) that are both quite susceptible to bleomycin-induced pulmonary fibrosis would not have been as informative. The new highly diverse genetic reference and mapping populations made from the eight strains of Collaborative Cross are useful resources to dissect this phenotypic variation.
Our data showed that the phenotype of fibrotic lung disease in response to the drug bleomycin was more likely in a given animal if a sibling was also affected. An independent measure of lung fibrosis, soluble collagen levels derived from the lung, showed the same effect. In our semiquantitative scoring, not all histological features we looked at showed clear evidence of heritability (ie, the presence of inflammation, Table 2 ) but we did not stain for other features that were likely to have been quite heritable, such as myofibroblasts 15 (see for example Figure 1 , grade 3 disease). Another source of error is the fact that we only examined two 5 µm sections from a lung that is 5 mm thick. Examining and averaging multiple sections per lung could have given more accurate scores, and more highly quantitative metrics may have led to better detection of covariation. Nonetheless the coinheritance pattern that emerged for the phenotype of destructive lung disease is most easily explained as having a genetic basis that segregated among the 40 recombinant inbred mouse lines we studied.
We also profiled miRNA in blood plasma. We found the plasma levels of at least one miRNA varied among all 14 Despite this, blood miRNA profiles may still be worth pursuing in drug toxicity studies since the changing profile in the blood may have biomarker information and because the particular miRNAs detected may participate directly in the disease process. 15, 16 In this study, about 8 months were required to generate the mice while the drug exposure and data analysis added 2-3 months. When the full spectrum of the final Collaborative Cross lines of mice, inbred to a satisfactory degree, are all available at the same time from one source, such a study could be completed in a fraction of this time, perhaps 3-4 months or less. This is about the same time required for a standard series of preclinical rodent toxicity tests, which are applied to all new novel chemical entities or investigational drugs. Studying mice from the highly diverse Collaborative Cross at the same time or in addition to conventional dose escalation studies in rodents should reveal rare phenotypes or reactions that might be genetically determined and thus entirely missed if only one or two classic laboratory mouse strains were used. Alternatively, this can be done now in the Diversity Outcross recombinant inbred lines available from The Jackson Laboratory (Pers comm; Chesler E, 2011).
The genetic diversity of the Collaborative Cross has been estimated to rival that of the outbred human population. 12 If a drug phenotype is heritable in selected inbred lines of the Collaborative Cross as we demonstrated for the destructive lung disease secondary to bleomycin (Figures 1 and 2) , the inbred lines thus identified can be used to uncover the genetic basis of the response in follow-on studies. Since all of the inbred lines of the Collaborative Cross will have genotypes and even imputed sequence information publicly available, the identification of a pattern of markers that define a region of the genome that segregates with the phenotype should be simplified as would the identification of candidate genes or loci that contribute to the phenotype. Use of genetically diverse mice offers a new way to understand the biological basis of expected or unexpected drug effects in great detail.
For some time, variations in the distribution or structure of the intracellular peptidase called bleomycin hydrolase that can degrade the drug were thought to underlie the induced fibrosis in mice and men. 1 More recently, in addition to lung fibrosis, it is now recognized that subcutaneously injected bleomycin can cause a scleroderma-like condition with autoimmune attributes. 17, 18 This model of human systemic scleroderma suggests that an early step in the catabolism of bleomycin results in the generation of reactive oxygen species in vascular endothelial cells and smooth muscle causing these cells to die by apoptosis or necrosis. 19 Dead or dying cells liberate hyaluronan and HMGB-1 protein that can activate B-cells, CD4 T cells, and possibly macrophages via toll receptors TLR2 and TLR4 to produce profibrogenic cytokines such as IL-6 and TGF-β, resulting in local fibrosis. B cells may infiltrate and persist in lung or skin via CD19-dependent signaling. 18, 20 Transfer of CD4 cells from an inflamed animal will transfer scleroderma to a naïve animal. 21 The genetic bases of all aspects of this proposed cascade are amenable to confirmation and exploration by using the approach outlined in this study.
We have demonstrated that when the mouse lines of the Collaborative Cross were challenged with a drug, a pattern of adverse events was evoked that closely modeled disease susceptibility in humans. [2] [3] [4] We suggest that by avoiding the use of single inbred lines of mice and instead working with a group of lines that were deliberately bred to encompass an extremely high level of genetic diversity, low probability but high consequence drug effects can be revealed in a single experiment. Moreover, for any given phenotype that might arise in such a study, the path to discover the genetic basis for the phenotype is facilitated. Increasingly, there is little excuse for not knowing the full spectrum of adverse events that may be associated with an investigational new drug that can be revealed in a mouse, long before the start of human trials.
